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I.
Introduction vealing the rapid growth of the pattern between days 7 and 10 of the simulations. The results demonstrated This is Part II of a study investigating global-scale that the modes could be used effectively to idcntif\ and interactions between the tropics and extratropics using monitor the growth of the dominant vertical and horthe normal modes of a global numerical weather pre-izontal structures of the global responsc and in some diction (NWP) model. The main objectives of this caise to make conclusions about the phygiobl prlcespse study are to demonstrate the rapid response of the cases, t hese conclusions heve, w rel ed by involved. These conclusions, however.,vwere limited by global circulation to tropical forcing anomalies and to the global nature of the calculations presented in GI. investigate the evolution and dynamic structure of this In this paper, the normal-mode analysis is extendi d response in a sophisticated NWP model. The model to investigate separatelY the tropical and extratropical used is part of the Navy Operational Global Atmo-tominestigate repora e/ . The t pic al a etratrop spheric Prediction System (NOGAPS) described by components of the responses. This spatial segregation Hoganof the response provides further insights into the reThoga analysismond I ( 19912. hsponse mechanisms. In sections 2 and 3. a new, techThe analysis In Part I (Gelaro 1992a hereafter re-nique is developed whereby the model normal modes ferred to as GI) was conducted from a global perspec-are partitioned according to their latitudinal variances tive, in which the normal modes, in conjunction with in order to define the tropical and extratropical constandard difference field diagnostics, were used to an-tributions to the response cnergy. The developmcnt of alyze the model response to sea surface temperature this technique follows directly from the nornmal-mode (SST) anomalies in the tropical Pacific. It was shown fohrmulation of a simple expression fro the total energy that the response was dominated by external and me-in the lineanzed model, as described in the Appendixe dium-depth internal rotational modes that grew rap-In section 4. this partitioning technique is used A to an-d idly. obtaining a significant fraction of their steady-alvze the results of the model experiments conducted state amplitudes during the first two weeks of the I G simuatins.A waenuberdecmpostio ofthe in GI. The reader is referred to sections 2andl 3 of that simulations. A wavenumber decomposition of' the paper for a description of those experiments and an extratropical wave pattern supported these results, re-overview of the model response. In section 5. selected response fields are projected onto the modes to corroborate the analysis and to pro-ide physical interpre- In the present study, factor B in (2) is of primar' in-energy. for example, can be obtained by computing terest as it can be evaluated within some latitudinal the quantit. range bp to obtain the fraction of the total variance of
mode J within that range. This information, in turn.
./( T can be used to define a measure of the response energy wa as gi~cn b% in that range. Strictly speaking. for arbitrary values of where 1, is the total energy of mode by there may be nonzero contributions from those (A6), but the sum in (6) includes only those modCs terms in B for which n #it n'. it can be shown, however, for which .A exceeds some threshold value 3 for that these terms do not contribute significantly to the tropical modes. This set of tropical modes is denoted variances and are thus neglected in the present context, by T and defined formally as A consequence of this simplification is that the inte- hemisphere. Therefore, care should be taken when se-the values of A, as selection criteria for tropical lecting bp since: for example, no distinction can be modes rather than as weighting functions ;,-3 summade between the variance of mode J in the ranges mation over all modes as might be infezrred: for cx-5°-I0°N and 50-I0S.
ample, from ( I ). In this way. a sharper. but still realWe seek a way of using B in (2) to determine whether istic, separation is obtained between the characteristicmode .1 contrih',!tes to the tropical or extratropical re-ot tile ,ropica, an _.xtratLrotI.Lai -i L•loutions to the sponse in the experiments described in GI. For the T47 global energy. Also, this approach is somewhat easier N and 19°S. to interpret physically since each term in (6) accounts ward approach is simply to plot the variance factors as for the total variance of mode J. a function of the natural frequencies w, of the modes Clearly, the key to partitioning the modes as in (7) by (4). and describe the fraction of the total %ariance ,.alues of .k I hi I lafrils ftbr the eastard of mode Jthat occurs %kithin this latitudinal band. The gravitational modes is the uppcr-lef-tmost hand in I ig. frequencies are ordered from smallest to largest ac-2 and corresponds to lo%%-frequenc. Kclin modes. ,A" cording to their absolute salues. This ordering is from expected, these modes also tend to be trapped and ha\e largest to smallest spatial scales for the gravitational values close to AI j , Note that in both figures modes. and from smallest to largest spatial scales for those modes with large m,:ridional structure (smail the rotational modes. As in (i, sse consider all modes values oft') hase more of their variance in the -,ppics except the zonall\ symmetric ones corresponding to mn than those with smaller meridional structure ( large 0. In both figures, there appears to be a lower cutolf values of.!). Clearl,. there is much more informauion near A =-0.2. indicating that very few modes have that can be gleaned from plots of.k I for various ranges less than 20"ý of their variance in the tropics. In of bp. For example, it is interesting to note that Ihc other words, there are no purely extratropical modes rotational modes in Fig. I Plots such as those in Figs. I and 2 tor the remaining the tropics. The value of the lower cutoff depends, in vertical modes reveal similar patterns for their correpart, on the choice of hp and increases or decreases. sponding frequency ranges. As an example. we show accordingly. In both figures, the values of Al/n)) appear in Fig. 3 values of. A'P' corresponding to the eastward to be organized into discrete bands that arc downward gravitational modes for / = 5. For all vertical modes. from left to right for the rotational modes in Fig. 1 , it was generally found that the modes demonstrated a and downward from right to left for the eastward gray-marked increase in tropical variance for i 6. Roughly itational modes in Fig. 2 . Each band represents a family speaking. most of the modes in these families have of modes having the same meridional scale denoted values of A"'""' -0.4. Based on these figures. we j iLI rop$ by the index j, while each mode in that band. or j adopted the cutoff value Aj >_ 0.4 for "'tropical" family, corresponds to a different zonal wavenumber modes, and AJP' -_ 0.3 for "extratropical" modes. m. There are 47 such families (excluding the zonally Those modes for which 0.3 < .k""'I" < 0.4 are difficult symmetric modes) corresponding to the T47 model to classify as belonging in one group or the olher, and truncation. in which the number of modes varies from are thus excluded from the analysis. Note that it is only 47 forj = 1, down to I forj = 47. necessary to consider .,Wr' in order to identify both For the rotational modes in to I < 6 contribute significanth' by this time. mode that is nearly barotropic throughout the tropo-
.
' sphere and thus is inadequate for describing this struco,0 ture completely. Thus, the simultaneous evolution of ( Fig. 7) . undoubtedly w5o, ais also a marifestation of the growth of the equivalent Fig. 5a also grow slowly at first, but then grow much more rapidly after the second week of the simulation when the growth at I = 4 has leveled off. Despite the delayed rapid growth of the external modes, it is puzzling that there is no observable lag in their initial growth corn-S.
pared with = 4. This detail may be lost either as a result of the partitioning procedure [specifically, the choices for the latitudinal ranges bp used to define (4) FiG. 7 . Vertical modes I, 4, and 5 of the NOGAPS model, based on and (5), or the threshold value O in ( 7)] or the temporal the parameter values shown in Table I of GI (signs are arbitrary).
resolution of these results. Another possibility is that the theory proposed by LC is somewhat oversimplified, In contrast with the extratropics, there is no obvious having been derived from a much simpler model. barotropic phenomenon in the tropics that explains Nonetheless, the growth rate and magnitude of the exthe strong external-mode response in Fig. 5a . A growth ternal response agree well with those obtained by I-C mechanism for these modes, however, has been dem-and the contrasting character of the growth curves in onstrated by Lim and Chang (1986) (hereafter referred Figs. 5a and 5b seems to indicate that the predominant to as LC), whereby vertical shear acts to produce an responses in each region are of different dynamical orexternal response from purely internal (e.g., convec-igins. tive) forcing. LC argue that internal forcing initially produces an internal-mode response with upper-level 5. Vertical-mode projections divergence and lower-level convergence that, by As indicated above, the results in Figs. 4-6 depend stretching the lower atmospheric column and com-on the variance factors (4) and (5). and in particular. pressing the upper one, leads to an internal-mode ro-on the threshold value # in (7) used to define the subsets tational response through conservation of potential of tropical and extratropical modes. In this section. the vorticity. Over a period of several days, vertical wind upper-tropospheric streamfunction response is proshear acts to couple the internal and external rotational jected onto the model normal modes. These projections modes, resulting in a transfer of energy to the latter. are done to check the physical plausibility of the parWith this in mind, it is interesting to note that the I titioned responses discussed in section 5. The projec-= 4 rotational response in Fig. 5a is preceded by a tions shown here are totally independent of the partistrong I = 4 gravitational (i.e., divergent) response, as tioning technique used to obtain those results. The shown in Fig. 6a . The projection of the gravitational contribution to the response from each vertical mode response onto I = 4 is explained by Fig. 8a , which shows is computed as the difference between the total response a vertical profile of the 30-day mean divergence re-field and a response field for which the normal-mode sponse averaged over the region of anomalous SST in amplitudes corresponding to that vertical mode have the GI experiments. The structure of the profile, char-been set to zero-that is, a type of linear initialization acterized by a sharp peak with maximum divergence is performed. It was decided to use this difference just below 100 mb, and a deep, but weaker, layer of method rather than compute the desired projections convergenct-below 200 mb that extends to the surface, directly because of the potential difficulty in reconis very similar to that of vertical mode 4 (see Fig. 7 ; structing the fields from only a single vertical mode. signs are arbitrary). As suggested by LC, a rotational Projections of the streamfunction response at 150 and response develops with similar vertical structure, as in-300 mb are presented since they are close to the levels of maximum amplitude for vertical modes 4 and 5, considerably less amplitude anywhere at 300 mb in respectively (see Fig. 7) .
accordance with the vertical structure of this mode as Figure 9 shows the 30-day mean sticamfunction re-shown in Fig. 7 . sponse at 300 mb. The total response is shown in Fig.  Figure 10 is the same as Fig. 9 , except for a 30-day 9a, while the projections onto vertical modes 1, 4, and mean streamfunction response at 150 mb. Again, the 5 are shown in Figs. 9b, 9c, and 9d, respectively. As total response in Fig. IOa shows a strong stationary expected, the total response in Fig. 9a shows a strong wave pattern in both hemispheres, but also has conextratropical stationary wave pattern in both hemi-siderably more amplitude in the tropics than the spheres and some indication of anomalous equatorial streamfunction response at 300 mb. This is consistent westerlies in the central Pacific. The extratropical wave with the strong response at 1 = 4 (which has its maxpattern, particularly in the Northern Hemisphere, pro-imum amplitude near this level) in Fig. 5a and with jects strongly onto vertical mode I (Fig. 9b) as well as the fact that the tropical 2sponse has its maximum vertical mode 5 (Fig. 9d ), in agreement with the results amplitude near tropopause level. In Fig. 1Oa , anomain Fig. 5b for the extratropical response energy. Fur-lous westerlies to the east of the forcing region are thermore, the results in Fig. 9 confirm that the growth clearly defined by the strong cross-equatorial steamof/= I and I = 5 in Fig. 5b is, in fact, a manifestation function gradient that extends across most of the Paof the equivalent barotropic structure of this response. cific, while there are strong anticyclones to the northFor example, note that most of the variance in the west and southwest of the forcing. The latter features circulation anomalies over North America in Fig. 9a are well-known responses to an equatorially symmetric is accounted for by the projections in Figs. 9b and 9d. heat source (e.g., Blackmom et al. 1983 . Palmer and In the tropics, there is a weak, but clearly identifiable, Mansfield 1986: Sardeshmukh and Hoskins 1988). The projection of the equatorial Pacific westerlies in Fig. extratropical wave pattern projects strongly onto ver9b, while the projection in Fig. 9d has very little am-tical mode I in Fig. 10b , while the tropical response plitude anywhere in the tropics. This is consistent with features have only weak projection onto this mode. the relatively weak contribution from I = 5 in Fig. 5a . Note the similarity between the character and ampliAs expected, the projection onto I = 4 in Fig. 9c has *ude of the projections in Figs. 9' and 10b, reflecting
i~i 9, t he 1-dav mcan 300-nih %treamtfuruwtion response in the (1 ICxper'nicnil r i~t the' total rey~onwan-flmJ the pi olco )i, "t ili response onto lb ) \ crtical mode 1, (c %-vnical dimod': 4, knd 1 (1) I erticai mode 5 1 lieonlour Inter' l\ the nearly ha rotropic structurc of the external modes. Again. these results clearl\ suppiort the results In 11-1g. In contrast, Fig. 10c shows that the tropical response Sa showing the strong contribution from 1 4 to the projects strongly onto vertical mode 4, while the midtropical respons-energy. (Con\,erselv. the relatise lack dle-and high-latitude response has much less amplitude of amplitude in tnec extratropic:s in Fig. 1() c is in agreefor this vertical mode. Note. for example, the near ab-ment %, ith the relatisel weak contribution from 1 4 sence of the North American response in Fig. 10c . to the extratropical response energy In Fig, 5b , As e\-F L R 0292 • " " " ... terms in an integral equation. The partitioned responses tropical Pacific. The analysis revealed the different were derived from those modes whose fractional vari-structural characteristics of the tropical and extratropance within either region exceeded a predefined icat responses obtained in those experiments, and prothreshold value. We applied this partitioning technique vided insight into the mechanisms that govern their to analyze the results of a series of experiments con-evolution. Furthermore, it showed that the normal ducted by Gelaro (1992) , who used the U.S. Navy's modes are a powerful and flexible tool for diagnosing operational global forecast model to demonstrate the the behavior of complicated models. rapid atmospheric response to SST anomalies in the Both external and internal rotational modes were shown to contribute significantly to the tropical and ferent dynamical origins of the dominant modes in extratropical responses. Of particular interest was that each region. the dominant internal-mode responses projected onto In the extratropics, the internal and external modes different vertical modes in each region, with vertical evolved simultaneously throughout the simulations, mode 4 dominating in the tropics and vertical mode with the latter clearly dominating the response. Ver-5 dominating in the extratropics. This distinction, in tical-mode projections of the upper-tropospheric addition to the different temporal behavior of the trop-streamfunction response confirmed that both modes ical and extratropical modes, was indicative of the dif-were required to resolve the strongly equivalent baro-
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